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ABSTRACT operation of FEGs with resistance loads and the
depolarization of the ferroelectric energy-carrying
Results of the investigation of the operation of elements within the generator due to the action of a shock
autonomous ultracompact explosive-driven high-voltage wave generated by the detonation of a high explosive
primary power sources based on longitudinal (when the (HE) charge. It was shown that longitudinal shock wave
shock wave propagates along the polarization vector PO) compression of a ferroelectric energy-carrying element by
shock wave depolarization of ferroelectric materials in the pressures in the range 1.5-3.8 GPa caused almost
open circuit and charging modes are presented. The complete depolarization of the sample [2]. In this work
energy-carrying elements of shock wave ferroelectric we performed a series of experimental investigations of
generators (FEGs) were poled lead zirconate titanate longitudinal shock wave FEGs operating in the open
(PZT) Pb(Zr52Ti48)03 polycrystalline piezoelectric circuit and charging modes, where the load of the
ceramic disks with volume 0.35 cm3. The PZT modules generators was a capacitor bank having different
were shock compressed in the stress range from 1.5 to 3.8 capacitances.
GPa by a longitudinal shock wave generated by high Aluminum
explosives. In the charging mode, the FEGs provided Impactor
pulsed power with peak amplitudes up to 0.29 MW. The Ferroelectric
maximum efficiency of the electric charge transfer from Module




Explosive-driven electrical generators are considered to GertrsEloIe
be the most efficient autonomous compact pulsed power Body Ch'amber
devices. The design and performance of recently
developed autonomous pulsed power sources that use the Figuren1. shec dagrof anexplos d
electromagnetic energy stored in ferroelectric materials longitudinal shockwave ferroelectric generator
are described herein [1]. Ultracompact explosive-driven
generators are based on longitudinal shock wave II. EXPERIMENTAL TECHNIQUE
depolarization of ferroelectric materials; that is, when the
impact-driven shock wave propagates along the The schematic diagram of an explosive-driven
polarization vector P0 of the ferroelectric energy-carrying longitudinal shock wave ferroelectric generator is shown
element. This type of generator is referred as a in Fig. 1. It contains a cylindrical body, an explosive
longitudinal shock wave FEG [1]. The efficiency of the chamber, an aluminum impactor (flyer plate), a holder
FEG depends on the order of depolarization of the containing the ferroelectric module (the energy-carrying
ferroelectric energy-carrying element due to the action of element), and a load circuit. All the generators described
a shock wave. In [2], we experimentally investigated in this paper were loaded with 14 g of desensitized RDX
and initiated by a single RP-5O1 detonator. Detailed
*email:~~~~~Shuao@oiosl.o nformation about the design of the longitudinal shock
Distribution A: 5147-07 wave FEG can be found in [1].
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The energy-carrying elements in the generators were disk and depolarizes it. The depolarization process
poled lead zirconate titanate Pb(Zr52Ti48)O3 releases the induced charge on the metallic contact plates
polycrystalline piezoelectric ceramic disks (supplied by of the ferroelectric disk and a pulsed electric potential
EDO Corp.) having diameter D = 26 mm and thickness h (electromotive force) appears on the high-voltage output
= 0.65 mm (volume 0.35 cm3). The parameters of the terminals of the generator.
Pb(Zr52Ti48)O3 are as follows: density 7.5x103 kg/m3, The waveform of a typical pulsed electromotive force
dielectric constant E = 1300, Curie temperature 3200 C, (EMF) produced by the FEG is shown in Fig. 3.
Young's modulus 7.8x10l N/M2, piezoelectric constant 4
d33 = 295x10-12 C/N, and piezoelectric constant g33
25x103 m2/C. 3'5
325l>uxlx'.
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Figure 3. Waveform of the pulsed electromotive force
Figure 2. Schematic diagram of the measuring system for produced by an FEG. Open circuit operation.
investigating the operation of FEGs in the open circuit
mode. The EMF pulse amplitude reached Ug(t)max 3.53 kV,
the full width at half maximum (FWHM) was 0.21 [ts,
All explosive experiments were performed at the Rock and the risetime was x = 0.27 [ts. The average EMF pulse
Mechanics and Explosive Research Center at the amplitude in all five tests performed in this series of
University of Missouri-Rolla, where we developed the experiments was Ug(t)maxav = 3.49 ± 0.4 kV.
experimental setup for testing explosive-driven pulsed In the charging mode the FEGs were used to charge
power and microwave sources. Generators were placed capacitor banks of capacitances C0 = 9, 18, and 36 nF. A
inside a detonation tank, and all measuring and recording schematic diagram of the system used to measure the
systems were placed outside the tank (Fig. 2). More operation of FEGs in the charging mode is shown in Fig.
information about the experimental setup for studying 4.
explosive pulsed power systems can be found in [3]. T Tetoi
I , 9 9 @ @ l~~~~oacifllosap
III. EXPERIMENTAL RESULTS
We performed a series of investigations with FEGs Detonation Tank
operating in the open circuit and charging modes. A Monitor I
schematic diagram of the system for measuring output
signals produced by FEGs operating in the open circuit
mode is presented in Fig. 2. The generator load was a
Tektronix P6015A high-voltage probe (resistance 100 k W ktr n
MQ, 3 pF). The high-voltage output terminal of the FEG Feoeilecttic
(back plate of the PZT disk) was connected directly to the Generaor
input of the probe. The negative (front) plate of the PZT ,esuring Bo|
disk asgrounded.
Operation of the FEG is as follows. After detonation of Figure 4. Schematic diagram of the measuring system
the high explosive charge, the aluminum flyer plate (Fig.
1) is accelerated under the action of a shock wave and used to investigate the operation of FEG in the chargin
high-pressure gases. The collision of the flyer plate with mode.
the ferroelectric disk's front plate initiates a shock wave The high-voltage output of the FEG was connected to
in the ferroelectric body that propagates through the PZT the high-voltage terminal of the capacitor bank and to the
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input of Tektronix P6015A high voltage probe. The frequency of oscillations is slightly lower, - 1.0 MHz.
negative front plate of PZT disk was connected to the The peak voltage amplitude of the first pulse was U (t)max
ground terminal of the capacitor bank through the Pearson = 2.16 kV, the FWHM of the first pulse was 0.54 [ts, and
Current Monitor (Model 101). X = 0.48 [ts. The peak energy delivered to the capacitor
Figure 5 shows a typical waveform of the high voltage bank (the first pulse in Fig. 6) reached W= 42 mJ.
produced by an FEG across a 9 nF capacitor bank. The EMF pulse generated by the PZT module due to the
2 I shock wave depolarization causes a pulsed electric
current, I(t), to flow in the electrical circuit. Integration of
1-5 lthe I(t) waveform from 0 to t gives the momentary value
of the electric charge, AQ(t), released to the electrical
circuit during explosive operation of the FEG:
wl t
°g0.5 X -0- -AQ(t) = fI(t)dt (1)
o ~~~~~~~~~~~~~~~~~~~~0
F ° effflf { 5k- Figure 7 shows the waveform of the output current
a. . = .produced by the FEG in the load circuit (18 nF capacitor
, -0s l Vbank). The peak amplitude of the first current pulse was
Ii(t)max = 140 A, the FWHM was 0.3 [ts and X = 0.52 [ts.
The peak amplitude of the second current pulse was
higher than the first one and reached I2(t)max 180 A, with
-1& -5 FWHM= 0.45 is and X0.31 pis.
7 8 9 1011 12 13 14 15 16 200 -
TIME (ps) a
150Figure 5. Waveform of a high voltage produced by an
FEG connected to a 9 nF capacitor bank.
It is not a single pulse, but a series of oscillations. The A
frequency of oscillations is about 1.2 MHz. The peak t
voltage amplitude of the first pulse was U(t)m,,ax 1.58 kV,
the FWHM of the first pulse was 0.36~ts, and x 0.48
ts. The peak energy delivered to the capacitor bank (the s
2~ ofirst pulse in Fig. 5) reached W =Co LJ(t), ,,,2/2 =1 1.2 mJ. 0
Figure 6 shows a typical waveform of the high voltage
produced by an FEG across an 18 nF capacitor bank.
7 8 9 10 11 12 13 14 15 16
2 TIME (ps)
S 1 5 t 1 1 XX1Figure 7. Waveforms of the output current (gray) and
circulation of electric charge, AQ(t), (Eq. 2) (black) in the
WS 1 circuit of FEG loaded with an 18 nF capacitor bank.
g!0 5 4 } | ^ \ 7\8, | The initial electric charge, Qo, stored in the PZT energy-
carrying elements can be determined as follows:
Qo =PoA (2)
o -45 where Po is the remnant polarization of the ferroelectric
sample and A is its area. Accordingly, PZT disks with PO
t V
1
= 30 piC/cm2andA = 5.3 cm2 have Qo= 159 XC.
X5I As it follows from the experiment (Fig. 7), the electric
7 8 9 10 11 12 13 14 15 16 charge transferred from a PZT module during explosive
TIME (ps) operation of the FEG to the capacitor bank, AQmax, is
about 30°0 of the initial charge stored in the ferroelectric
Figure 6. Waveform of a high voltage produced by an element due to its remnant polarization, Qo.
FEG connected to an 18 nF capacitor bank. Figure 8 shows the waveforms of the output voltage,
output current and output power for the experiment in
The output voltage oscillates as it did in the which the load of the FEG was an 18 nF capacitor bank.
experiments with a 9 nF capacitor bank (Fig. 5). The The peak output power reachedO0.24MW.
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pulse produced by an FEG across a 36 nF capacitor bank. delivered from the PZT energy-carrying element to the 36
It is completely different from the results obtained for the nF capacitor bank in this experiment was AQmax, 73 ~-tC,
18 nF and 9 nF capacitor banks (Figs. 5 and 6). The FEG which is 4600 of the initial charge stored in the
produced a single pulse with amplitude U(t)max, 1.82 kV ferroelectric element due to its remnant polarization.
(FWHM =0.85 [ts, Tx 0.93 [ts) (Fig. 9). The energy
delivered to the 36 nF capacitor bank was 60 mJ. The IV. SUMMARY
specific energy density of the PZT energy-carrying
element in this experiment was 171 Mj/CM3. It has been demonstrated that it is fundamentally
2 possible to pulse-charge a capacitor bank with a miniature
1 75 ~~~~~~~~~~~explosive-driven high-voltage generator based on the
longitudinal shock wave depolarization of poled
1 ~~~~~~~~5
~~~~Pb(Zr52Ti48)03 piezoelectric ceramics. Charge transfer
from the PZT energy-carrying element to the capacitor1.25
w ~~~~~~~~~~~~~bankre ched 460o. The specific energy density of the
< 1
~~~~~~~~~~~~~~~PZTmodule was 171 mJ/cm . The peak power in the load
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